The optical detection of the stress damage to plants by NaCl solutions was attempted during germination of a seed and growth of a root. We compared the photon intensity of red beans before and after NaCl treatment and found that the photon intensity after NaCl treatment decreased as the NaCl concentration increased. For the saturated NaCl concentration (4.5 M), however, the observed photon intensity drastically increased, and the simultaneous destruction of cell membranes was observed. The intensity of biophoton emission from red beans showed characteristic change with salt concentrations. When the salt stress was applied to the red beans at an early growth stage, their root elongations were suppressed and photon intensity from the root decreased. This was not the case for the root at the late stage. This shows that biophoton intensity due to salt stress depends on not only NaCl concentration but also the growth stage of the plant. We may conclude that the extent of damage to roots by salt stress can be evaluated from biophoton response.
Introduction
It has been revealed that various environmental stresses such as salt, drought, cold and osmotic stresses caused physiological changes in plants due to an increase in abscisic acid (ABA) concentration and the syntheses of proteins and enzymes. [1] [2] [3] [4] Molecular biology has been a powerful tool for the study of stress responses of plants. However, the relationship between physiological changes and microscopic response, for example, what kinds of biochemical reactions were induced by proteins and enzymes and how they succeed a series of stress reactions, has not been well understood.
To understand the relation, it is necessary to obtain information concerning the biochemical reactions in intact plants. Therefore, we expect to detect without any injury physiological changes caused by some environmental stresses. In order to realize a nondestructive and noncontact measurement, biophoton measuring methods are preferable for detecting physiological information in situ. 5, 6) Biophoton emission is an ultraweak photon emission from living organisms, and is generated from excited molecular series such as reactive oxygen series (ROS) which result from chemical reactions in order to maintain homeostasis. 7, 8) In addition, endogenous ROS are synthesized not only in metabolic processes but also in self-defensive reactions such as hypersensitive ones. 9, 10) When plants are attacked by viruses, moreover, the endogenous ROS level immediately increases and viruses are sealed in cells necrotized by ROS. 11) In such a process strong biophoton radiation has been observed. 12) On the other hand, since ROS also bring serious oxidative damage to plant cells themselves, plants have ROS scavenger systems such as superoxide dismutase (SOD) or catalase to protect them from ROS. 10, 13, 14) Very recently, we demonstrated that the environmental response of plants can be inferred from biophoton emission. 15) We focus on salt stress as the environmental stress in the present study, because it has caused serious damage to agricultural products. The detailed mechanism of growth inhibition is still unclear. The growth dynamics of the germination process are easy to model theoretically because of the simplicity of comparing with processes in adult plants. In order to test how salt stress inhibits growth and how we could detect it from biophoton information, the process of germination of two-dimensional photon counting system (Hamamatsu Photonics PIAS-TI500 and C-1809) to detect local photon radiation and its spatial distribution.
Microscopic observation of cells
A root apex was cut to a layer thickness of 3 cells by a razor, and mounted on the slide glass. The root cells in the middle layer were observed under an optical microscope (Nikon LABOPHOT). Then NaCl solution was dropped on the sample, and all processes were recorded onto a videotape.
Results and Discussion

Dependence of growth on NaCl concentration
The seeds were cultivated in the following manner. Pure water was used initially for 72 h as a cultivated solution, and it was replaced with NaCl solutions of various concentrations (Fig. 1) . In pure water, the evolution curve of root length (the reference data) is well described by the logistic equation, as reported previously. 16) In 0.01 M-NaCl solution, the growth curve is not affected and has basically the same aspect as the reference data. On the other hand, in 0.1 M-NaCl solution, the elongation of roots was immediately stopped and root cells were seriously damaged. These results clearly suggest that the salt stress of 0.1 M causes physiological damage and inred beans is a good candidate since red bean growth dynamics have been well studied. 16) 
Experimental
The sample red bean seeds (Vigna angularis) were chosen to be within the standard deviation of their weight distribution (the total number of seeds was 3,000) to exclude exceptional ones. These beans were placed for 24 h under conditions of humidity H = 95% and temperature T = 35
• C to trigger germination, and then set in a growth chamber with H = 82%, T = 24
• C at time t = 0. The whole culture of seeds was carried out in a darkroom to avoid photosynthesis.
Biophoton measurement
The details of the photon measurements have been described elsewhere. 16, 18) Therefore, we will describe them very briefly here. We used a universal photon counting system (Hamamatsu Photonics C-2550, photomultiplier R649) to measure the temporal change of biophoton emission, and a hibits the growth of roots. In 1 M-NaCl solution, the root elongation was immediately stopped. Moreover, root growth did not recover in pure water upon removing the stress after 1 M salt stress for 60 h. Namely, tela necrosis occurred. Therefore, we named this concentration the lethal stress concentration. Table I shows the summary of the results.
In order to investigate basic photon response with various NaCl concentrations, we measured photon radiation from a red bean at t = 168 h when the root elongation process slowed, i.e., at the steady state of root growth. Photon measurements were performed for 60 h to evaluate whether plants could acclimatize to the new environment or not. The temporal changes of biophoton intensity for various concentrations of NaCl (0 M, 0.01 M, 0.1 M, 1 M, 4.5 M (saturated concentration)) are shown in Fig. 2 . The vertical axis shows a normalized excess photon intensity I which is defined by eq. (1).
Here, X 0 is photon counts per hour averaged over for 5.5 h just before the application of NaCl stress, and X is photon counts per hour for 4 h with NaCl solutions. There was no significant difference between the results for 0 M and 0.01 M. It seems that roots for t g = 168 h were little affected at this concentration, that is, they could acclimatize to the environmental change. Photon intensity decreased in the case of the NaCl treatment at concentrations of 0.1 M and 1 M. It drastically increased, however, in the case of 4.5 MNaCl treatment. This suggests that physiological changes of plants by salt stress occur in the concentration range from 1 M to 4.5 M. In order to study the phenomenological aspects, we made microscopic observations of plant cells at the root. Plasmolysis occurred immediately upon application of a drop of 4.5 M-NaCl solution, and cell membranes were destroyed after 6 min as a result of osmotic pressure and chemical decomposition (Fig. 3) . Owing to the destruction of cell membranes, it is known that more ROS are produced, that is, strong biophoton radiation occurs. In the case of 1 M, on the other hand, plasmolysis occurred slowly, but disruption was not observed after 20 min, and in the case of 0.1 M, no morphological changes were discerned. Thus, it becomes obvious that disruption of cell membranes are accompanied with extraordinarily strong photon radiation. We will discuss this again later with additional results.
Growth stage dependence of photon emission
There are many growth stages in the germination process, such as the development of radicle, hypocotyl and cotyledon. When these occur, plant hormone levels in the roots change, because some morphological and metabolic changes are led by the endogenous hormones. 17) Since plant hormone can act as a stress messenger, 17) the salt resistibility of roots most likely depends on their growth stages. In order to examine such different responses to salt, we measured the responses at two different growth stages, 48 h and 96 h, corresponding to the time when the maximum acceleration rate and the maximum velocity of root elongation are respectively achieved. Figure 4 shows the biophoton responses of roots to the salt stresses at different growth stages. In the case of the triggering time t g = 48 h at which the sample is soaked with NaCl solution, the photon intensity in the case of 0 M continues to increase for t ≥ 48 h in the same way as in the case of normal growth. In 0.01 M, 0.1 M and 1 M-NaCl treatment, however, photon intensity decreases compared with the reference. This suggests that these decreases resulted from growth inhibition and physiological damage in roots. In the case of the triggering time t g = 96 h, on the other hand, the photon intensity in 0.01 M-NaCl treatment continues to increase similarly to the reference, while in the case of 0.1 M and 1 M, their intensity decreases. These suggest that roots of triggering time t g = 48 h are more affected than at t g = 96 h by 0.01 MNaCl. In order to investigate the growth stage dependence of salt sensitivity, we compared a root grown in 0.01 M NaCl solution from the beginning (t g = 0 h) with that from t g = 72 h. The final length of roots soaked in NaCl solution of t g = 0 h is shorter than that of t g = 72 h, as shown in Fig. 5 . Thus, it became clear that roots at an early growth stage are more sensitive to salinity than at a later growth stage.
Spatial distribution of photon emission
We measured the spatial distribution of photon emission from a root under salinity to determine the region where photons are strongly emitted. Figure 6 shows two-dimensional images of biophoton radiated from a root under 4.5 M salinity. The summation is performed for 2.5 h. The upper side and lower side of this figure correspond to the root cap and base, respectively. The part of the root with strong radiation appeared at a root apex about 15 min after NaCl treatment, and expanded toward the base of the root and gradually decayed as time proceeded. This shows that the salt resistibility of a root by salt stress varies depending on the location of the root. Moreover, it is well known that there are many immature cells such as cells of apical meristem near a root cap, and they have poor mechanical and chemical tolerance. 19) Therefore, in this region the progress of cell destruction due to salt stress may be faster than in the other regions. This is probably one reason for the observation that the photon emission at a root apex is more rapid and stronger than in other parts.
Oxygen dependence of photon emission
ROS is one main source of biophoton emission, 9-11, 13, 20) which is generated not only from metabolism but also stress reaction. 8) Therefore, an increase of photon intensity is expected after NaCl treatment as a result of additional ROS generation in plants. However, the experimental results described above show unexpected responses, that is, photon intensity decreases after NaCl treatment at concentrations of 0.01 M, 0.1 M and 1 M. In order to clarify this, the change of intensity related to ROS in the whole photon emission should be measured. In order to classify the biophoton emission as being of ROS origin or not, we measured photon intensity upon exchanging nitrogen for air in various NaCl concentrations (Fig. 7) . Figure 7 shows that the photon intensity decreases at all NaCl concentrations as a result of the gas exchange from air to nitrogen. The decrease at 4.5 M was the greatest among the four concentrations, and the decreases at 0.01 M and 0.1 M were almost equal, both of which were greater than that at 0 M. Though the decrease varies with the NaCl concentrations, universal aspects are drawn schematically in Fig. 8 . I a (x) and I n (x) are the photon intensity of a sample at x M-NaCl stress in air and nitrogen, respectively. Then, the decrease of the photon intensity due to the gas exchange can be regarded as the photon emission which depends on oxygen. Therefore, we defined the oxygen-dependent component I o as eq. (2).
Here, I n is the intensity originating from anaerobic reparation. In the case of 4.5 M, the photon intensity I n (4.5) in nitrogen was greater than the reference I n (0). Namely, the photon emission which was independent of oxygen increased owing to the salt stress. The difference in the photon intensity I a (4.5) and I n (4.5), i.e., I o (4.5), was greater than the reference I o (0). This shows that the oxygen-dependent photon emission I o also increases owing to the salt stress. Moreover, the increase of the oxygen-dependent photon emission is much greater than the oxygen-independent one. Therefore, this suggests that the extraordinary photon radiation is mainly caused by the increase in the oxygen-dependent component I o . In the case of 0.01 M and 0.1 M, the photon intensities under nitrogen atmosphere, i.e., I n (0.01) and I n (0.1), were weaker than the reference. Namely, the oxygen-independent photon emission decreased by the application of the salt stress. In the case of 0.01 M and 0.1 M, however, the I o increases because the didates for new sources of the ROS generation. One is a hypersensitive response which is the self-defensive mechanism of plants. 13) The other is the degradation of cytosol by some enzymes such as oxidase and amine oxidase leaked from the organelles whose membranes were broken by salinity. 10, 14) However, there is still room for argument on these processes and more study is required.
Concluding Remarks
We have studied the photon response of red beans under salinity condition. It became clear that photon intensity of red beans due to salt stress depends not only on the NaCl concentration but also the application time. Thus, photon response shows the temporal change of salt tolerance in plants according to their growth. The salt stress induced an increase in the oxygen-dependent photon emission. It suggests that ROS generation in the cell is activated by the salt stress. As a result, it shows that photon radiation from plants is linked to physiological change via the endogenous ROS level under salt stress. Therefore, it seems that biophoton measurement can be used to estimate the salt damage of plants in the early stages.
decrease of photon intensity due to the gas exchange is greater than in the reference, though their net intensity was comparable. Consequently, it becomes obvious that salt stress leads to an increase of photon emission which depends on oxygen. This suggests the increase of endogenous ROS in plants; we would need to examine the photon response in various salt concentrations under nitrogen atmosphere to understand this relationship quantitatively.
Based on the present results, we discuss the causes of the extraordinary photon radiation at 4.5 M. It is known that only 0.3 M-NaCl causes nuclear and DNA degradation in a root of barley seedling. 21) Thus compared to the case of the 0.3 MNaCl solution, in 4.5 M-NaCl the damage may extend not only into cell membranes but also into other organelles. In such a case, the regular route to the ROS generation system will not work; for example, an electron transport chain in mitochondria may be blocked. Then, we may propose two canPhot on intensity 
